A "real-time" noise mapping project, named DYNAMAP, has been developed in the framework of a Life+ 2013 program and cofunded by the European Commission. The project aims at giving a real picture of the noise generated by vehicular traffic. To this purpose, a dedicated platform has been developed to elaborate the information from distributed noise monitoring stations. The methodology has been implemented along the ring road encircling the city of Rome (Italy). A detailed description of the system is given together with a report on the testing campaign that allowed evaluation of the accuracy and reliability of the system. From the monitoring campaign satisfactory results have been achieved, showing an average overall prediction error of~1.5 dB.
Introduction
Noise pollution was revealed to be one of Europe's major concerns, as firstly reported in the Environmental Noise Directive (END) of 2002 [1] and, later, in its more recent revision [2] . Both versions recognize the importance of monitoring and mapping the sound pressure levels of transport infrastructures to evaluate and control noise exposure. Particularly, road traffic noise is the foremost health problem in Europe [3] , with more than 100 million of people exposed to Lden level higher than 55 dB(A). To noise exposure can be attributed a series of health problems, such as sleep disturbance [4, 5] , annoyance [6] , cardiovascular illness [7, 8] , learning impairment [9, 10] , and hypertension ischemic heart disease [11] . In order to assess the impact of the main transport infrastructures and to solicit appropriate mitigation actions, the END prompts for a periodic update of noise maps as a result of possible changes in traffic, mobility, and urban scenarios. However, noise mapping activities are quite expensive and time consuming, requiring substantial financial efforts to fulfill END obligations. Thus, cheaper solutions to decrease noise mapping costs are strongly recommended and pursued by local and national road authorities.
Costs and time consumption can be likely reduced by automating the noise mapping process in terms of single input data to feed the noise model, as well as in terms of noise mapping system as a whole.
A first attempt to automate the process was made in 2003 [12] , when the Municipality of Madrid, together with Brüel&Kjaer, decided to develop a new concept of data post-processing, based on dynamic noise maps or SADMAM (Sistema Actualización Dinámica Mapa Acústico Madrid). Mobile monitoring devices equipped with GIS systems were used to measure sound pressure levels at strategic places. To that end, the municipality of Madrid invested in a system including Lima Noise Calculation Software, Noise Monitoring Software, and several Noise Monitoring Terminals. This approach was intended to help the city to efficiently validate and improve the quality of strategic noise maps, as well as to support the preparation of the action plan according to END requirements, avoiding unnecessary actions based on poor accurate results.
However, some critical issues emerged from this experience: First of all the need of mobile monitoring devices to sample sound pressure levels. This solution was quite expensive and prevented the automatic updating of noise maps. Secondly, no algorithm for eliminating spurious events, i.e., noise events unrelated to the road traffic, was used to guarantee data reliability and provide accurate maps. In addition, very complicated and time consuming algorithm and software were used to update noise maps, thus drastically reducing the possibility of enhancing the system to real time noise maps.
Another experience came from Paris the same year, with the publication of a dynamic noise map fed by road traffic noise measurements on a daily basis. In this case class I sound level meters and traditional acoustic simulation software were used. This kind of application, although extremely appealing from a technical perspective, was very expensive, due to the high cost of the devices used to measure the noise levels, thus temporarily aborting the attempt of automating the noise mapping process.
In 2008 the Polish Gdansk University of Technology tempted a new approach based on ray tracing techniques running on cluster-type supercomputers. Very accurate, but quite expensive maps were produced, leaving the problem of costs and processing time unresolved [13] .
In De Coensel et al. [14] , an approach for calculating dynamic noise maps on the basis of fixed as well as mobile sound measurements has been proposed. It extends the temporal and spatial resolution of the traditional noise map that is based on long-term equivalent levels, and is therefore well suited for the prediction of indicators that are more closely related to the perception of the acoustic quality of the urban environment.
Nevertheless, in 2011 another project, named SENSEable PISA (Italy) [15] , opened up new perspectives, by developing and implementing low cost monitoring devices. In this project large volumes of environmental data were gathered to extrapolate information on public health, urban mobility, air pollution, etc., using appropriate mathematical tools (data mining).
Taking inspiration from the latter experience, in 2014 a LIFE project called DYNAMAP [16] was cofunded by the European Commission in the framework of the Life+ 2013 program, with the aim of facilitating and accelerating the noise mapping process. To do so, an automatic monitoring system, composed of low-cost sensors and of a powerful software platform was developed and implemented in two pilot areas located in the agglomeration of Milan (Italy) and along the Motorway A90 (Rome-Italy). Noise maps in this case are updated using a smart algorithm based on precalculated noise maps prepared for different traffic and weather conditions [17, 18] .
The DYNAMAP project is now performing the final step, where the accuracy, reliability and sustainability of the system are being assessed [19] [20] [21] .
In this paper a detailed description of the system installed in the pilot area of Rome is given, together with a report on the testing campaign undertaken and of the main results achieved.
Methods-The DYNAMAP System
DYNAMAP is a dynamic noise mapping system that performs the update of noise maps by means of a combination of dedicated monitoring sensors, software tools and a GIS platform. The system relies on the update of precalculated basic noise maps. This process, denoted as noise map scaling, is accomplished for different operating conditions (sources, traffic and weather conditions), by detecting noise and meteorological data from low-cost monitoring stations and weather sensors distributed along the road. The scaled basic noise maps, one for each elementary noise source present in the mapping area, are summed together to obtain the complete noise map. This process is expected to considerably reduce the use of simulation tools, thus decreasing calculation times and costs. In addition, the development of low-cost noise monitoring stations and the use of a GIS platform for implementing the maps scaling and their energetic sum, further reduces operational costs. These considerations make the DYNAMAP system a versatile and unique noise mapping tool that can be easily interfaced with the new European model CNOSSOS [22] , expected to be operative within 2022. DYNAMAP is also equipped with an anomalous noise events detection algorithm that detects and removes all noise contributions that cannot be attributed to the road traffic.
Implementation of the DYNAMAP System in the Pilot Area of Rome
The DYNAMAP system has been built in the ninth district of the city of Milan and in Rome, along the ring road encircling the town. Given the different environmental features of the two pilot areas, a diverse approach was used to size and set up the DYNAMAP system. In the pilot area of Milan a statistical approach was employed [23] [24] [25] , while in the pilot area of Rome a deterministic method was applied. In the following paragraphs, a detailed description of the design and configuration of the system installed in the pilot area of Rome is reported, starting from the selection of the test sites, up to the preparation and update of the basic noise maps.
Pilot Area Selection
The pilot area of Rome is located along a major road, i.e., the ring road (Motorway A90) surrounding the city, known as Grande Raccordo Anulare (GRA).
The Motorway A90, as many other major roads, crosses suburban complex scenarios that include connections to a variety of transport infrastructures. In these contexts, the noise level at receivers is given by the contributions from all noise sources present in the mapping area. Therefore, the acoustic characterization of the Motorway A90, as well as its noise impact assessment, should avoid exogenous contributions, as required by the END, and simply provide a measure of the sound power level due to the main road axis and its several junctions. Consequently, appropriate positions for the sensors should be identified in order to make the contributions from the other noise sources negligible.
The pilot area of Rome is composed of many test sites that were selected on the basis of technical and environmental characteristics of the road. Sixty-seven elementary areas, centered on the road axis and 250 m wide each side, were considered. Road stretches impacting suburban areas were identified, based on the results achieved from the first and second strategic noise mapping cycles. Satellite images and photographs available on internet (Google Maps) were also used to check the presence of additional noise sources and integrate the morphological description of the sites.
From these data four priority lists, corresponding to as many site types representative of the main suburban scenarios, were identified as follows.
A.
Single road (A90 Motorway). B.
Additional crossing or parallel roads. C.
Railway lines running parallel or crossing the A90 motorway. D.
Complex scenario including multiple connections.
Out of 67 sites reported in the priority lists, only the top seventeen have been selected to host the DYNAMAP sensors ( Figure 1 ). In the selection process, particular emphasis was given to those areas where high noise levels were highlighted and where monitoring activities would help to maintain control of the acoustical scenarios. 
Design and Configuration of the System
In suburban areas, the presence of multiple noise sources and the influence of meteorological conditions on sound propagation can strongly affect the overall noise level at receivers.
The amount of noise sources determines the number of sensors necessary to monitor the mapping area and the quantity of the corresponding basic noise maps required to provide the overall noise map. Therefore, a preliminary study on the noise sources present in the mapping area must be undertaken in order to reduce the number of road stretches to be monitored.
The influence of meteorological conditions on sound propagation is relevant only in suburban areas, where usually receivers are located at a greater distance from the road (≥80 m). In this case, different basic noise maps must be prepared for each propagation condition. This requires the monitoring of meteorological conditions and the conversion of this information in classes of acoustic propagation (favorable, unfavorable, or homogeneous).
Clustering Procedure to Reduce the Number of Elementary Noise Sources
The DYNAMAP system configuration is based on the concept of "elementary noise source". An elementary noise source is a road arc with homogeneous traffic conditions ( Figure 2 ). Since for each elementary noise source a monitoring device should be installed, the size of the DYNAMAP system mainly depends on the number of elementary noise sources present in the mapping area. In order to reduce the number of monitoring devices to be installed and of the basic noise maps to be prepared a clustering procedure was adopted with the aim to find appropriate correlation factors to link different road stretches. To that end, an extensive monitoring campaign was carried out based on an experimental technique aimed at reducing the measurement points as much as possible. This technique took inspiration from Kirchhoff law and makes use of a simplified scheme, where three monitoring points are identified for each carriageway. Two of them are monitored with a sound level meter placed on the main road axis and the other one with a traffic counter placed on a secondary arc, in order to avoid the noise contribution from the main road. Measured data are then easily translated into sound power levels and used to feed the noise model. The sound power levels related to the remaining arcs are then assessed by means of simple mathematical equations.
From the measured data, opportunely converted into sound power levels, the hourly correlation coefficient can be calculated between the different arcs according to the following formula.
is the hourly coefficient related to the i-th junction and the j-th hour; • Lw(main axis) i,j is the hourly sound power level related to the i-th measurement position on the main road axis associated with the i-th junction and the j-th hour; and • Lw(junction) i,j is the hourly sound power level related to the i-th junction and the j-th hour.
Then, a detailed analysis was carried out to check the data variability and to identify the most appropriate aggregation class. An iterative approach was used starting from a preliminary study on the measured hourly data. Due to their similar trend during all over the day, it was possible to reduce the hourly coefficients up to daily and at most weekly data [18] .
At the end of the process, the whole set of elementary noise sources was clustered into two groups. Each group is characterized by different correlation factors that can be used to monitor and map together different road arcs. The first cluster includes road arcs with regular traffic all over the whole week, including weekends, where a unique correlation coefficient can be used; the second cluster encloses road arcs with different traffic flows in working and weekend days, that need to be characterized by diverse correlation coefficients. Finally, a total of 19 elementary noise sources was identified, of which nine main arcs, with related junctions, ascribed to Cluster 2, and 10 main arcs, with related junctions, ascribed to Cluster 1.
Evaluation of the Influence of Weather Conditions on Sound Propagation
In suburban areas weather conditions can alter noise levels at receivers located at a greater distance from the road (≥80 m), due to favorable, unfavorable, and homogeneous sound propagation conditions. This means that different basic noise maps must be prepared as a function of meteorological conditions and that weather conditions must be monitored in order to identify the most suitable basic noise map to be updated.
In order to reduce the number of basic noise maps to be prepared, and consequently the cost of the system, an in depth study was undertaken to investigate the acoustic model sensitivity to spatial weather variations [18] . The results achieved show that the model is insensitive to small weather variations and that the information gathered by one meteorological station is sufficient to classify sound propagation conditions with an accuracy of 85%.
The same analysis was then carried out to see how sensitive the model to wind direction is [18] . Results showed that the uncertainty associated with wind direction can be reduced by increasing the wind sectors width from 20 • to 90 • . This solution allows to considerably reduce the number of basic noise maps to be prepared to only four wind sectors (North, East, South, and West) ( Figure 3) . In the end, only six basic noise maps were found to be necessary to cover the whole set of possible different sound propagation conditions:
• a map for totally favorable conditions; • a map for totally homogeneous conditions; and • four maps for favorable conditions in the main wind sectors.
Basic Noise Maps Preparation and Update
A basic noise map is a static map that reports the contribution of the elementary noise sources present in the mapping area.
The basic noise maps have been prepared using the standard NMPB model (NMPB Route 96/XPS 31-133) implemented in commercial calculation software.
The number of calculations needed to prepare the basic noise maps depends on the method used to accomplish the maps. For the pilot area of Rome the grid noise map method was applied and for each elementary noise source separate simulations were made in order to achieve its contribution to the overall noise level.
In the pilot area of Rome 19 elementary noise sources have been identified: nine main arcs, with related junctions ascribed to Cluster 2, and 10 main arcs, with related junctions ascribed to Cluster 1. This involved the preparation of (10 × 1) + (9 × 2) = 28 basic noise maps. Furthermore, for each elementary noise source, six meteorological conditions were taken into account, leading to a total number of 168 calculations.
To summarize, 12 basic noise maps were prepared for each elementary noise source, as a function of meteorological (6) and traffic conditions during the week (2) .
The preparation of the basic noise maps entailed the following steps.
• To split the road network in stretches corresponding to the elementary noise sources (Figure 4) ; •
To generate a unique grid for the whole pilot area, to avoid mismatching when summing up the different maps, and to prepare a unique calculation area corresponding to a buffer of 250 m each side around the ring road ( Figure 5) ; and •
To turn on one elementary noise source at a time and calculate the whole set of basic noise maps in the whole calculation area ( Figure 6 ). • To generate a unique grid for the whole pilot area, to avoid mismatching when summing up the different maps, and to prepare a unique calculation area corresponding to a buffer of 250 m each side around the ring road ( Figure 5 ); and (a) (b) Figure 5 . Basic noise maps preparation: generate a unique grid for the whole pilot area (a) and prepare a unique calculation area (b).
• To turn on one elementary noise source at a time and calculate the whole set of basic noise maps in the whole calculation area ( Figure 6 ). The complete map was achieved by summing up the whole set of noise map related to each elementary noise source, even though in general the overall level is influenced by two or three sources at the most.
As shown in Table 1 , basic noise maps are summarized in arrays that report on each row the contribution of the elementary noise sources to one point of the grid. In detail, the first column of the array shows the identification code of the grid point (ID), followed by its coordinates and the noise level contribution of each elementary noise source to that point.
The last column reports the overall noise level given by the sum of the contributions related to that point, according to the following Formula.
where • LeqR j is the final equivalent noise level associated with the j-th grid point; • Leq j,i is the equivalent noise level related to the j-th grid point and the i-th elementary noise source; and • N is the number of elementary noise sources. The table shows the identification code of the grid point (ID), followed by its coordinates (latitude LAT and longitude LONG) and the noise level contribution of each elementary noise source to that point (NS, from NS1 to NSN). The last column shows the overall noise level given by the sum of the contributions related to that point (Leq T ).
Since each column refers to a single elementary noise source, the update of the map is achieved by scaling the corresponding data according to the noise level detected by the monitoring stations. The amount to be scaled is given by the difference between the measured values and the calculated values at reference points corresponding to the positions of the monitoring stations. An additional array has been prepared to report the calculated noise levels at the reference points.
In Figure 7 an example of basic noise map is reported. For an arbitrary grid point of the base map, identified by its ID number (ID = 312535 in the example), the predicted value of LeqT is calculated as the sum of the contributions of the most significant sensors (S12, S13, and S14), and updated every 30s (in the example the values LeqT are shown at the arbitrary T 0 = 0 s and at T 1 = 30 s). These contributions are obtained by comparing the level values measured by each sensor with the ones at the reference point; this allows the calculation of Delta used for updating the acoustic map. The same kind of approach was used for the calculation of the maximum noise level at the most exposed façade. In this case the array reports the ID and position of the receiver, its height or floor, and the contribution of each elementary noise source, together with the overall noise level. The update of the noise level at receivers is achieved using the same procedure described for the noise maps. Each column, corresponding to the contribution of the different noise sources, is updated as a function of the noise level detected by the monitoring stations.
When updating the map, i.e., the noise levels at grid points, the most suitable basic noise map must be selected. The selection of the appropriate basic noise map (array) as a function of meteorological conditions is accomplished by converting measured meteorological conditions into sound propagation conditions. To do so, smart algorithms have been developed and implemented in a WEB GIS platform, whose main role is to manage and update the noise maps.
In the pilot area of Rome noise maps are updated with a time frequency of 30 s from 6:00 a.m. to 10:00 p.m. At night, when traffic flow is lighter and less continuous, noise maps are updated every 5 min.
Measuring Campaign
In order to verify the accuracy and reliability of the DYNAMAP system, two measuring campaigns (winter 2017 and summer 2018) have been performed, which allowed to compare the values achieved by the system and the field measurements distributed around the GRA area.
To that end, the DYNAMAP system was equipped with a dedicated algorithm embedded in the noise sensors for the detection of anomalous noise events (ANEs), i.e., noise events unrelated to road traffic noise [26] [27] [28] . Therefore, also the recorded data required to be manually cleaned up using the procedure described in Alsina-Pagés et al. [29] .
Measurements were accomplished using a free-field microphone positioned at 4m height and had a duration of 1 h. They were performed in different environmental conditions and configurations, i.e., single and coupled measurements (in-line) at two different distances from the source.
All sites have been chosen according to morphological and infrastructural characteristics of the area. This choice allowed testing the system in highly complex contexts with the presence of barriers, embankments, secondary roads, etc.
Winter and Summer Campaign
Two measuring campaigns have been carried out: a preliminary winter campaign (2017) followed by a summer session in 2018. The first session allowed to highlight some criticalities connected to the system settings and simulation model, whereas the latter confirmed the upgraded improvements. In Figure 8 , the positions of the measuring sites and of the DYNAMAP sensors are illustrated; in Table 2 , for each measuring site, the geographical coordinates and the corresponding distance from the traffic noise source are reported. 
Description of the Measurement Sites
In this section, we describe the characteristics of each site in order to better understand and interpret the measurement results.
Site 1A-1B
Site 1 is characterized by two in-line measurements. In particular, Site 1A is located 15 m away from the main noise source with in between a secondary less congested road. Site 1B is 195 m away from the GRA with in between an uncultivated lawn and the secondary road. The terrain vertical section corresponding to sites 1A and 1B is illustrated in Figure 9 . The employed basic noise map is WD-WEST corresponding to working day and favorable conditions in the western wind sector. 
Sites 3A-3B
Site 3 is characterized by two in-line measurements. Both sites are in a cultivated terrain; Site 3A is 25 m away from the GRA with in between a vegetation barrier. Site 3B is 190 m away from GRA at greater height with respect to the motorway altitude and with a secondary road in the vicinity. The terrain vertical section corresponding to sites 3A and 3B is illustrated in Figure 10 . The employed basic noise map is WD-HOM, corresponding to working day and totally homogeneous conditions. 
Sites 4A-4B
Site 4 is characterized by 2 in-line measurements. Both sites are in an uncultivated terrain; Site 4A is at 55 m from the GRA with in between a light depression. Site 4B is at~180 m away from the GRA in the proximity of a bush and with a secondary road in the vicinity. The terrain vertical section corresponding to sites 4A and 4B is illustrated in Figure 11 . The employed basic noise map is WD-HOM, corresponding to working day and totally homogeneous conditions. 
Site 5
Site 5 is characterized by a single measurement and located in a playground in the vicinity of a residential area and at distance from GRA of about 90 m. A noise barrier is installed along the GRA in between the source and the measurement site. In this case, the time duration of the measurement was 45 min. The terrain vertical section corresponding to Site 5 is illustrated in Figure 12 . The employed basic noise map is WD-HOM, corresponding to working day and totally homogeneous conditions. 
Site 6
Site 6 is characterized by a single measurement. The measurement location is an uncultivated field, above-ground with respect to GRA. Its distance is 100m from the main source of traffic noise. The terrain vertical section corresponding to Site 6 is illustrated in Figure 13 . The employed basic noise map is WD-HOM, corresponding to working day and totally homogeneous conditions. 
DYNAMAP System Accuracy
The analysis that followed the preliminary winter monitoring session showed some criticalities connected to an incorrect assignment of the ground factor to the noise propagation model. Its implementation allowed a more correct evaluation of the base noise maps described above.
In the following figures, we report the comparison between DYNAMAP predictions and measurements in two test sites during the final summer monitoring campaign. In Figures 14  and 15 , the A-weighted 30 s equivalent level for sites 3A and 6 is illustrated, with the corresponding root mean square deviation, <σ rms >, calculated over the measurement duration (1 h), is reported. <σ rms > is expressed by
where Leq D , Leq M and N are the predicted and measured equivalent levels calculated on a time basis of 30 s and N the number of points in 1 h (N = 120), respectively. From both time series, all anomalous events have been removed (see interruption in Figures 14  and 15 ).
In Table 3 , the summary of the results obtained for all monitored sites is shown. As we can observe, the prediction deviation is reasonably satisfactory with an overall mean deviation of 1.5 dB. As a general remark, we can observe how the root mean square deviation, <σ rms >, for Site 1A and 1B decreases at a larger distance, from 15 to 195 meters, in contrast to sites 3 and 4, for whom we observe an increase. This fact can be attributed to different causes: firstly, the elevated position of Site 3B and, secondly, the presence of a secondary road in the vicinity of Site 4B. These characteristics might increase the background contribution, therefore, affecting the measurements.
Discussion
The results achieved show a good accuracy of the DYNAMAP system, even though many problems have been experienced in measuring the noise signals, especially at great distance from the road axis, due to the influence of additional locally distributed noise sources (background noise).
Background noise affects the signal dynamics. As it can be seen from Figures 8 and 9 , the dynamics of the measured noise levels are~2 dB higher than the dynamics of the corresponding estimated noise levels. This effect is particularly relevant away from the road, where the background noise tends to overcome the road noise coming from the primary source. In this case, the noise signal is affected by the nearest noise sources. Figures 8 and 9 also highlight a different temporal behavior of the two signals. This is due not only to the influence of the background noise, but also to the time shift between the noise levels at the measuring point and sensor position. The time shift depends also on the average traffic speed. In free flowing traffic conditions and at normal speed, time shifts give rise to different temporal trends. Instead, at high speed the time correlation between the two signals tends to decrease. Likewise, at low speed, corresponding to congested traffic, the noise source could be considered stationary (linear source) and the temporal shift irrelevant.
The correlation between measured and estimated time series can be improved by increasing the integration time or by reducing the sensors spatial frequency. Further studies are in progress to deepen this effect and to improve the predictive algorithm in order to properly take into account time shift phenomena. More tests will be undertaken to investigate the system response in different environmental scenarios and at different updating frequencies (from 30 s up to 60 min).
Another test was also performed to check the systematic error introduced by the DYNAMAP system. In this test, the estimated levels were translated in order to achieve the same overall equivalent noise level of the measured signal. In this way the estimated signal is treated as the model was perfectly calibrated, so that the results only depend on the accuracy of the system itself. The outcome of this test has shown that the average prediction deviation is~1 dB. This corresponds to the systematic error introduced by the DYNAMAP system.
Conclusions
This paper describes the DYNAMAP system implemented in the pilot area of Rome. The description includes information on the system configuration and on the solutions developed to prepare and update the noise maps in real time. In order to validate the system, two field measuring campaign were arranged: the first one in winter 2017 and the second one in summer 2018. These monitoring campaigns also involved the detection of the noise levels at specific receiver points and the comparison of the results with the corresponding estimated values on the noise map. Their outcomes show an average overall prediction error of~1.5 dB and a mean systematic error of 1 dB. This highlights a good correlation between measured and estimated noise levels and a satisfactory calibration of the noise model. This initial testing campaign was limited to the comparison of noise levels measured in arbitrary locations to those predicted by the DYNAMAP system. In these terms, such comparison has been considered satisfactory and promising, as deviations in all tested cases are less than 2 dB. These results, however, are not definitive and deserve a more careful evaluation in order to be confirmed over a long term period, especially in sites where a higher spatial resolution is needed, such as those with nonuniform morphology.
